Abstract: Muscovy duck (Cairina moschata) is characterized by broodiness, and egg-laying traits in this species should be of primary concern. As a member of the IGF superfamily of proteins, insulin-like growth factor-1 (IGF-1) is an important positive regulator of growth and gonad development in vertebrates. To explore the effect of IGF-1 on the growth hormone/insulin-like growth factors (GH/IGF) axis, we cloned and characterized IGF-1 of Muscovy duck. The expression level of IGF-1 was widely expressed in all the tested tissues, and the highest level was detected in the liver. In laying ducks, IGF-1 expression levels in the hypothalamus, pituitary, and ovary were very significantly higher (P < 0.01) than that in the tissues of nesting duck, and IGF-1 expression levels in the heart and liver were significantly higher (P < 0.05) than that in nesting duck tissues. Furthermore, a single nucleotide polymorphism (SNP) (A/G) was found and significantly (P < 0.05) associated with age at first egg and egg number at 300 d. This study provides the first evidence that IGF-1 promote egg-laying traits of Muscovy duck through two axes, involving GH/IGF and hypothalamic-pituitary-gonadal axes. These findings enrich the information of IGF-1 of Muscovy duck and demonstrate for the first time the ability of IGF-1 to promote reproduction, indicating that IGF-1 could be used as an important marker gene.
Introduction
The growth hormone/insulin-like growth factors (GH/ IGF) axis, including growth hormone (GH), GH receptor (GHR), insulin-like growth factor 1 (IGF-1), IGF receptor (IGFR), and IGF-binding protein (IGFBP), has an important role in the growth of fish (Moriyama et al. 2000; Gabillard et al. 2005) . In addition, the GH/IGF axis in fishes is also involved in other biological function such as osmoregulation and gonad development (Duan 1998) . IGF-1 is a multifunctional peptide and is a key regulator of muscle growth and metabolism in birds and vertebrate species. Similar to vertebrates, GH and IGF are anabolic hormones in fish (Schlueter et al. 2006) . They can increase muscle mass by stimulating protein synthesis, where myostatin is an effective stimulus for catabolism of protein in the GH/IGF axis of the hypothalamicpituitary-liver axis (Stinckens et al. 2011) . Apart from promoting cell growth, proliferation, and differentiation (Honda et al. 2010) , IGF-1 also controls the development and maturation of ovaries and follicles (Yoshimura et al. 1994) , and regulates nutrition metabolism and reproduction through autocrine, paracrine, and endocrine physiological pathways (Frank 2007) . It has been showed that IGF-1 plays a significant role in the growth of birds and the lower IGF-1 level led to slower growth (Scanes 2009 ). Under the GH/IGF control axis, GH regulates vertebrate growth mainly through the function of its receptor (GHR) and by increasing secretion levels of its downstream factor IGF-1 (Lin et al. 1993; Le Roith et al. 2001) .
The hypothalamic-pituitary-gonadal (HPG) axis plays an important role in the regulation of vertebrate reproduction (Sower et al. 2009 ). The gonadotropin-releasing hormone (GnRH), a key member of this axis, is secreted from the hypothalamus (Zohar et al. 2010 ) and stimulates the synthesis of reproductive hormones such as GH, luteinizing hormone (LH), and follicle-stimulating hormone (FSH) (Lee et al. 2008) . Reduced levels of salmon (s)GnRH in the hypothalamus were found to influence gene expression in the pituitary and ovary through the HPG axis (Xu et al. 2011) , whereas GnRH has a promoting effect on gonadotropic hormones and GH (Wood et al. 2005) . As a pituitary hormone, GH is regulated by environmental and endocrine factors (Klein and Sheridan 2008) , and its secretion is controlled by GH and IGF-1 feedback in the blood (Xu et al. 2004) . Moreover, GH and IGF-1 are also thought to play important roles in follicular atresia (Silva et al. 2009; Li et al. 2011b) . A specific ligand (IGF-3) of IGF was found in tilapia and zebra fish, which was specifically expressed in ovarian follicle cells and mesenchymal cells in testis, adjusting the development process of fish gonads (Wang et al. 2008; Berishvili et al. 2010; Li et al. 2011a) .
During the past decade, partial or complete sequences of IGF-1 cDNA have been cloned from different animals including the pig (Sus scrofa) (Liu et al. 2012) , mouse (Mus musculus) (Chu and Best 2003) , and Persian sturgeon (Acipenser persicus) (Yarmohammadi et al. 2014) . It has been proven that feeding IGF-1 to quail can significantly alter the expression levels in muscle tissues (Guo et al. 2012) . However, the sequence and expression of IGF-1
have not yet been researched in Muscovy ducks (Cairina moschata); moreover, little is known about the relationship between mutants and egg-laying traits in this species. Muscovy duck is an important poultry species whose eggs and meat are a food source in some countries. However, in recent years, the production of eggs in poultry industry has sharply declined because of the broodiness of Muscovy duck. Therefore, in this study, we cloned and characterized the full-length of IGF-1 of the Muscovy duck, detected IGF-1 expression profiles in various tissues, and analyzed the relationship between an IGF-1 polymorphism and egg-laying performance. The aims of this study were to explore the role of IGF-1 in the molecular biology of Muscovy duck and further elucidate the interactions between the GH/IGF axis and the HPG axis.
Materials and Methods

Ethics statement
Animal experiments were approved by the Animal Care and Use Committee of the College of Animal Science, Fujian Agriculture and Forestry University. The experiments were performed according to regulations and guidelines established by this committee.
Sample collection
A total of 20 white female Muscovy ducks (36-wk old with average body weight 2.5 ± 0.5 kg) from RF lines (the RF lines were obtained by crossing two lines with divergent egg production rates by the Putian Guangdong Wenshi Poultry Co.) at the peak of egg production were provided by Putian Guangdong Wenshi Poultry Co., Ltd (Fujian, China) for use in IGF-1 cloning and mRNA expression analysis. All ducks were slaughtered at the same time, and 12 different tissues, including liver, pituitary, hypothalamus, glandular stomach, muscular stomach, ovary, kidney, heart, lung, duodenum, pancreas, and spleen, were collected, frozen immediately in liquid nitrogen, and then stored at −80°C for RNA extraction.
A total of 150 white Muscovy ducks (36-wk old with average body weight 2.5 ± 0.5 kg) with integrated production records were kept in a semi-open house for single nucleotide polymorphism (SNP) detection and association analysis. A conventional diet (549LF duckling compound feed, Fujian Fuqing Longhua Co., Ltd) was formulated according to the feeding standards for laying Muscovy ducks. Blood of each Muscovy duck was collected and stored at -20°C for DNA extraction. The phenol-chloroform extraction method was used to extract genome DNA.
Design and synthesis of primers
Primer pair 1 for Muscovy duck IGF-1 was designed using the Primer Premier 5.0 software based on a region of the domestic duck IGF-1 cDNA sequence (GenBank AB061721) conserved between several species. Primers 2-5 for rapid amplification of cDNA ends (RACE) and primer 6 for splicing the genetic sequence were also designed using the Primer Premier 5.0 software according to requirements of the SMARTer ™ RACE cDNA Amplification Kit (Clontech, Biological engineering Co., Ltd, Dalian, China). All primers for this study were synthesized by Shanghai Sangon Biological Engineering Technology and Services Co., Ltd (Shanghai, China). Primer information is shown in Table 1 .
RNA isolation and cDNA synthesis
Total RNA was isolated from the Muscovy duck liver using a TRIZOL Reagent kit (TaKaRa Biotechnology Co., Ltd, Dalian, China) according to the manufacturer's protocol. The concentration and purity were checked by ultraviolet spectrophotometry (OD230, OD260, and OD 280). The RNA quality was examined by 1% agarose gel electrophoresis. First-strand cDNA was synthesized from purified RNA by the reverse-transcription polymerase chain reaction (RT-PCR). One microgram of total RNA was reversed by the 3′-Full RACE Core Set Ver. 2.0 (TaKaRa, Dalian, China), according to the manufacturer's instructions.
Cloning of Muscovy duck IGF-1 cDNA
To amplify the partial coding region, a pair of Muscovy duck IGF-1 primers (Primer 1) was designed and PCR was carried out in a total volume of 50 μL containing 1 μL first-strand cDNA, 8 μL dNTP (2.5 mM each), 2 μL reverse primer (10 μM), 2 μL forward primer (10 μM), 0.5 μL TaKaRa LA Taq ® (5 U/μL), 25 μL 2× GC Buffer I, and 11.5 μL dH 2 O. The reaction was mixed by centrifugation and PCR conditions were: 94°C for 3 min, followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 30 s, and a final elongation at 72°C for 10 min. The PCR products were analyzed by 1% agarose gel electrophoresis, and then bidirectionally sequenced.
Subsequently, 3′-RACE and 5′-RACE technologies were performed to obtain the full-length Muscovy duck IGF-1 mRNA sequence. First-strand cDNA was synthesized according to 3′-RACE and 5′-RACE protocols, and then the 3′-end and 5′-end cDNA sequences were synthesized by PCR according to the manufacturer's instructions (3′-RACE and 5′-RACE Amplification Kits, TaKaRa). The PCR was carried out in a total volume of 50 μL using the same conditions described above. RACE PCR products were purified from a 1% agarose gel using the Agarose Gel DNA Purification Kit Ver. 2.0 (TaKaRa), subcloned into the pMD-20 T vector (TaKaRa), and sequenced using the BcaBEST Primer M13-47. The complete IGF-1 sequence was obtained by aligning and splicing. A pair of primers (primer 6, Table 1 ) was designed to verify the correctness of the full-length IGF-1 gene cDNA sequence obtained from Muscovy duck. To ensure the sequencing accuracy, five independent clones were sequenced for each PCR product.
Sequence analysis
IGF-1 amino acid sequence analysis and structural prediction were performed using the bioinformatic software: online analysis tool the Open Reading Frame (ORF) Finder (http://www.ncbi.nlm.nih.gov/projects/gorf/ orfig.cgi). DNASTAR (http://www.dnastar.com/) was used to assemble the full-length cDNA sequence according to the three sequenced fragments; Scan PROSITE facility software (http:/www.expasy.ch/tools/scanprosite/) was used to predict amino acid structural regions; SignalP 4.1 software ((http://www. cbs.dtu.dk/services/SignalP//), and Smart-Model software (http://smart.emblheidelberg.de/) were used to predict amino signal peptide and transmembrane structures, respectively; a transmembrane structure of IGF-1 was predicted by using the TMHMM online software; three-dimensional structure of protein was performed using the RasWin software; the online PredictProtein analysis tool (http:// www.predictprotein.org/) predicted the secondary structure of the encoded protein; and the encoded protein tertiary structure was predicted using the Swiss-Model software (http://swissmodel.expasy.org/).
Nucleotides and amino acid sequences derived from IGF-1 were blasted with reported IGF-1 sequences from different species on the National Center for Biotechnology Information (NCBI) server (http://www.ncbi.nlm.nih.gov/ BLAST). Multiple alignments of the amino acid sequences of Bos taurus (GenBank: NP_001071296.1), Ovis aries (GenBank: NP_001009774.1), Homo sapiens (GenBank: NP_000609.1), M. musculus (GenBank: NP_001104745.1), S. scrofa (GenBank: AER08607.1), Anas platyrhynchos To investigate the Muscovy duck IGF-1 mRNA expression profile, we extracted total RNA from 12 tissues (pituitary, hypothalamus, muscular stomach, glandular stomach, ovary, kidney, liver, heart, lung, duodenum, pancreas, and spleen) and carried out quantitative realtime PCR. The β-actin gene (EF667345.1) of the mallard (A. platyrhynchos) was used as an internal reference to normalize transcript levels of the target gene. Muscovy duck intronic primers for IGF-1 and β-actin were designed by Primer Premier 5.0 (Table 1) .
With the comparative Ct method used (Schmittgen and Livak 2008; Livak and Schmittgen 2001) , the realtime PCR of gene expression was performed. To detect the PCR efficiency of IGF-1 and β-actin gene, 10-fold serial dilutions (10 −1 to 10 −5 ) of cDNA were made and assayed in triplicate to establish standard curves. Real-time PCR was performed on an ABI7500 system (TaKaRa, Dalian, China) with a Maxima SYBR Green/ ROX qPCR Master Mix according to the manufacturer's instructions (Thermo Scientific Co., Ltd, Shanghai, China). The PCR reactions were performed in a final volume of 25 μL including 2 μL of cDNA, 12.5 μL of Maxima SYBR Green/ROX qPCR Master Mix (2×), 0.4 μL of each primer (10 μM), and 9.7 μL of ddH 2 O. Thermal cycling conditions were 95°C for 30 s, followed by 40 cycles of 95°C for 5 s, and 60°C for 30 s. 
Muscovy duck IGF-1 SNP detection
According to the IGF-1 sequence of Gallus gallus (NM_001004384.2) on NCBI, five pairs of primers (Table 2) were designed using Primer premier 5.0 for PCR-singlestrand conformation polymorphism (PCR-SSCP). Genomic DNA was extracted from 150 white Muscovy ducks and used for PCR in a final volume of 20 μL, including 1 μL of genomic DNA, 10 μL Premix Ex Taq Version 2.0, 0.4 μL of each primer, and 8.2 μL ddH 2 O. The PCR conditions were: 94°C for 7 min, followed by 30 cycles of 94°C for 30 s, the specific annealing temperature for 30 s, 1 min at 72°C, and a final extension at 72°C for 10 min. The PCR products were checked using 1% agarose gel electrophoresis for 25 min at 130 V cm −1 . Then, the 3 μL PCR product was mixed with 8 μL denaturing lysis buffer, denatured at 98°C for 10 min, and then placed on ice for 10 min. Samples were electrophoresed on 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis, and those with different genotypes were sequenced and classified according to their horizontal position and number of bands. The PCR-SSCP results were corrected and analyzed using the DNAStar software (DNAstar Inc., Madison, WI), and the locus sites and identifying genotypes were determined by sequencing. Sequences were aligned to identify IGF-1 SNP.
Statistical and association analysis
Gene and genotype frequencies were calculated and checked to testify if they conformed to HardyWeinberg equilibrium by using chi-square goodness of fit tests (Emigh 1980; Cox and Kraft 2006) . Single nucleotide polymorphisms were genotyped by restriction fragment length polymorphism and directly sequenced in the same way used for SNP detection. Association analysis of IGF-1 SNP with reproductive traits of Muscovy ducks (age at first laying, peak clutch in days, average clutch in days, and egg number at 300 d) was determined using the general linear model procedure of SAS v9.2 (Freund and Littell 1981) . The least-squares mean of each genotype was estimated, and differences between genotypes were analyzed using the Bonferroni test (Schenkel et al. 2006) . The model (Liu et al. 2010 ) was: Y ĳ = μ + G i + e ĳ , where Y ij are the observed values of different egg traits, μ is the population mean, G i are the effects of individual genotypes, and e ĳ is the effect of random error.
Results
Sequence characterization of Muscovy duck IGF-1 cDNA
A 353-bp IGF-1 cDNA fragment was obtained by RT-PCR, from which a 442-bp fragment and a 249-bp fragment were derived by 3′-RACE and 5′-RACE, respectively. After splicing the partial coding region (462-bp), RACE product sequences (3′-RACE and 5′-RACE), a polyA tail (12-bp), and a 960-bp full-length cDNA (GenBank: KJ700940) of Muscovy duck IGF-1 were obtained by DNAstar analysis with a 127-bp 5′ untranslated region (UTR) and a 359-bp 3′ UTR. Muscovy duck IGF-1 cDNA was shown to encode 153 amino acid residues (Fig. 1) . The NCBI BLAST (http://blast.ncbi.nlm.nih.gov/Blast) analysis revealed that the Muscovy duck IGF-1 cDNA sequence shared the highest identity (99%) with that of A. anser IGF-1 (GenBank: ABF57993.1) (data not shown).
The theoretical isoelectric point (pI) of the Muscovy duck protein was 9.25, whereas its molecular weight was 17 295.0 kDa. The TMHMM online software was used to predict a transmembrane structure, an intracellular domain structure, and an extracellular domain structure at amino acid positions 1-26, 27-49, and 50-153, respectively (Fig. 2a) . Protein patterns were built by using the Swiss-Model software, through comparative analysis of the known data of protein sequence in Protein Data Bank (PDB). RasWin software examined the predicted three-dimensional structure of IGF-1 (Fig. 2b) and revealed it to share 99% identity with that of A. anser (GenBank: ABF57993.1). Further analysis of IGF-1 from Muscovy duck and 17 other species showed a high level of conservation between amino acids (Fig. 3a) .
Phylogenetic relationships of IGF-1 proteins among species
The phylogenetic tree of IGF-1 protein sequences from Muscovy duck and 17 other species revealed three different subgroups (birds, mammals, and fish; Fig. 3b ). Within the avian subgroup, the Muscovy duck was clustered with A. anser (GenBank: ABF57993.1) and A. platyrhynchos (GenBank: ABA02291.1) (Fig. 3b) . 
IGF-1 mRNA expression profile in Muscovy duck tissues
The expression of IGF-1 mRNA in 12 different tissues was examined by quantitative real-time PCR (Fig. 4) . Significant different expression profiles were observed between the laying duck and the nesting duck. IGF-1 expression levels in the pituitary, hypothalamus, and ovary were very significantly higher in the laying duck compared with the nesting duck (P < 0.01), whereas expression levels in the heart and liver were significantly higher (P < 0.05). There were no differences among the other tissues (P > 0.05).
IGF-1 SNPs in the Muscovy duck
Within the 293-bp fragment amplified using Primer 2 (Table 2) , the DNAStar software identified an SNP (A/G) at position 55 bp (Fig. 5a ), giving rise to three different genotypes: AA, GG, and AG (Fig. 5b ).
SNP association with egg performance
The least-squares analysis of the association between the three SNP genotypes and laying traits is shown in Table 3 . Egg-laying traits (age at first laying, average clutch in days, egg number at 300 d, and peak clutch in days) were analyzed in 150 white Muscovy ducks. Fifty-six ducks had the AA genotype, 62 had AG, and 32 had GG.
Association analysis showed that the three genotypes were significantly associated with age at first laying, and egg number at 300 d (P < 0.05). There was no significant association with peak clutch in days or average clutch in days. The age at first laying of the ducks with genotype AA (165.48 d) was significantly earlier than ducks with genotype GG (170.37 d) and AG (172.61 d) (P < 0.05); there was no difference between genotypes AG and GG (P > 0.05). The egg number at 300 d of ducks with the AA (99.76 eggs) genotype was significantly higher than in those with genotype GG (94.31 eggs) (P < 0.05); there was no significant difference between AG (96.28 eggs) and AA. In addition, AG and GG genotypes were not significant (P > 0.05) ( Table 3) .
Discussion
In this study, the IGF-1 cDNA sequence was obtained and predicted to encode a protein of 153 amino acids, identical to that of the goose, and shorter than that of the yellow perch at 186 amino acids (Lynn and Shepherd 2007) . We named the cDNA sequence Muscovy duck IGF-1 because it exhibits 98% identity with known chicken IGF-1, and 99% identity with that of A. anser. It even shares 65% homology with distant relatives such as C. auratus. This finding supports the previous result that a high conservation level of mature IGF-1 peptide sequences across phylogenies (Ayson et al. 2002) . Phylogenetic tree analysis also confirmed that the Muscovy duck IGF-1 protein was closely related with that of A. anser. In terms of protein structure, six human IGF-1 cysteine residues form three disulfide bonds, one of which at Cys 18-Cys61 is formed early during oxidation and may represent a branch of the oxidative refolding pathway (Narhi et al. 1993 ). These cysteine residues could be involved with the function of the IGF-binding protein, which plays an important role in identifying and binding to IGFs (Rechler and Clemmons 1998) .
β-Actin, as a housekeeping gene, is widely used as an internal standard gene in RT-PCR because of its continued and stabled expression (Nicot et al. 2005; Xia et al. 2005) . However, it was reported that the expression level of β-actin in different species may be varied according to the regulation of different physiological status or environment (Glare et al. 2002) . In this study, we use β-actin as the endogenous internal control, and the standard curve was made to validate the suitability of β-actin gene. The results indicated that β-actin presented suitability criteria as a housekeeping gene in this study. A great deal of researches also reported that β-actin remained a popular choice for innumerable different RT-PCR applications and was the most widely used internal control in molecular biology (Bernard et al. 1999; Kozera and Rapacz 2013) . For example, the expression of β-actin in African oil palm was stable and can be served as a houskeeping gene (Xia et al. 2014 ). In addition, ) and (Wu et al. 2015) used β-actin as the internal reference gene to normalize and represent the expression relative levels of target genes in Shaoxing ducks and Muscovy duck, respectively. In conclusion, all the findings suggested that β-actin was an effective internal control gene for RT-PCR.
We observed the highest expression in the liver (P < 0.01), which is the principal source of endocrine IGF-1, as seen in the carp (C. carpio) (Tse et al. 2002) , rainbow trout (Oncorhynchus mykiss) (Kamangar et al. 2006) , and mammals (Hwa et al. 1999 ). In addition, we also found that IGF-1 was expressed in extrahepatic tissues such as the heart, pituitary gland, hypothalamus, and ovaries, where it probably acts in an autocrine and paracrine manner (Escobar et al. 2011) . The expression of IGF-1 mRNA in the gonad exerts their important functions such as regulators in hormone synthesis and secretion, germ cell proliferation, and differentiation (Weber and Sullivan 2000) . As one of the important members of the GH/IGF axis, IGF-1 expression is promoted by GH (Gong et al. 2007) , which is regulated by the HPG and GH/IGF axes . Furthermore, IGF-1 can promote fish gonad development by enhancing the production of steroid hormones (Kagawa et al. 2003) . The GH/IGF axis was reported to exert an important role in the growth of fish (Gabillard et al. 2003; Revol et al. 2005) , suggesting that both axes are present during early embryonic development. Our study indicates that IGF-1 may have the same mechanism of action on the HPG and GH/IGF axes in controlling the reproduction rate as in other vertebrates. Chase et al. (1998) showed that cows with low IGF-1 in the serum caused by a lack of GHR have fewer primary follicles than those with normal IGF-1 concentrations. The growth hormone has been reported to promote the growth of cystic follicular cell, whereas IGFs were found to increase the proliferation of granulose cells and steroid production in many mammals (Hastie and Haresign 2006; Shimizu et al. 2008) , which agrees with our finding that IGF-1 regulates reproduction. In contrast with our findings, the high IGF-1 expression was previously reported in the skeletal muscle of Oreochromis mossambicus (Kajimura et al. 2001) . This difference in distribution of expression may reflect differences in species or physiological states, whereas changes in habitat can also influence IGF-1 expression.
Our identification of an IGF-1 SNP associated with egglaying traits of the Muscovy duck indicated that IGF-1 can influence animal reproduction traits. Three different genotypes (+/+, +/−, and −/−) of chicken IGF-1 gene were shown to be significantly associated with weight at 30 weeks, egg-laying at 50 weeks, and egg weight (Kim et al. 2004) , whereas a white leghorn IGF-1 SNP was significantly associated with eggshell and egg weights (Nagaraja et al. 2000) . In addition, IGF-1 polymorphism was associated with economic traits in Kadaknath and its crossbred birds such as egg production and body weight (Dhurve et al. 2012) . Therefore, IGF-1 could be used as a marker gene for exploring egg-laying traits on Muscovy duck. Moreover, IGF-1 can be indirectly controlled by GnRH through GH, and IGF-1 knockout has been confirmed to negatively affect the reproductive system (Bartke 1999) , which proved our conclusion that IGF-1 exerts its function through the interaction of the IGF/ GH and HPG axes in Muscovy duck.
Conclusion
In summary, we cloned and characterized IGF-1 gene from Muscovy duck. The patterns of expression and SNP analysis showed that IGF-1 was highly expressed in liver and its mutation was associated with egg-laying traits. These results indicated that IGF-1 regulates the growth and reproduction of the Muscovy duck mainly by the interaction between the GH/IGF axis and the HPG axis, which provides a theoretical basis on the broodiness mechanism of Muscovy duck. Note: Means with different lowercased letters in the same row indicate significant differences (P < 0.05), whereas the same letters in the same row indicate no significant difference (P > 0.05).
